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Abstract
The depth that bubbles will penetrate a receiving pool before rising due to buoyancy forces
is an important phenomena in designing Low Head Oxygenator (LHO) devices, particularly
in an indoor application where the available elevation between the top of the fish tank water
column and the inside ceiling height is limited. The relationship between bubble loss and
LHO geometry is unclear. If the submergence of the LHO is less than the bubble penetration
depth, excessive escape of bubbles can increase operating costs substantially. A series of
physical experiments were conducted using an elevated bucket with a single orifice to create
a falling stream into a receiving pool. The primary variables of hydraulic head, hole diameter
and fall height were varied over a practical range for such applications. Videotaping was
used to analyze bubble penetration. Regression equations were developed to predict both
bubble penetration and standard deviation associated with a specific set of operating
conditions. The standard deviation regression equation can be used to predict the statistical
variation in bubble penetration depth. Bubble penetration depth decreased as fall height was
increased and became stable at a fall height of 50 cm. Bubble penetration increased as hole
diameter was increased at all fall heights and hydraulic heads. An example is provided of
how to predict bubble penetration depth to meet some user defined statistical confidence for
maximum bubble penetration.
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1. Introduction
Low Head Oxygenators (LHO) are common in conventional flow-through race-
way aquaculture operations because of their simplicity, high gas transfer efficiency,
and cost effectiveness (Boyd and Watten, 1989; Timmons and Losordo, 1994;
Lawson, 1995). The original LHO design was developed and patented by Watten,
(1989). A typical LHO unit is depicted in Davenport et al., (in press). More
recently, these same units are beginning to be adapted to indoor tank aquaculture.
Such application presents a different set of design challenges since hydraulic head
is supplied by pumping and practical limits exist on elevating the LHO unit because
of a building ceiling. Previous work by Davenport et al., (in press) thoroughly
evaluated the effects of the different LHO geometric variables on the overall gas
transfer coefficient (G20), namely hydraulic head (Y1), hole orifice diameter in the
flooded plate (Y2), the depth of the receiving pool (Y3), and the fall height of water
from plate to receiving pool (Y4). The same variable notation is used in this paper.
From Davenport et al., (in press), it is clear that the majority of the gas transfer
occurs at the pool interface due to splash and bubble entrainment. The geometric
variables evaluated all have a potential impact on the splash entrainment phenom-
ena. For the indoor LHO application and the additional constraint of finite
elevation difference being available, it becomes even more important to optimize
Fig. 1. Experimental arrangement used to measure bubble penetration as affected by Y1 (hydraulic head
over flooded plate, cm), Y2 (hole orifice diameter in flooded plate, mm), Y3 (pool depth held constant),
and Y4 (fall height of water from plate to receiving pool, cm).
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Fig. 2. Comparison of predicted (Eq. (1)) and measured bubble penetration data.
the geometry of the LHO unit. In effect, the sum of hydraulic head, fall height and
receiving pool depth will remain constant and are defined by elevation of the water
in the fish tank and the ceiling height and some provision for reasonable access to
the unit for maintenance.
Part of the high gas transfer efficiency of an LHO unit is that gas bubbles
entrained at the splash point and carried downward will either dissolve or rise back
into the gas space above the water due to buoyancy forces. Gas bubbles that
penetrate too deeply may become entrained in the LHO effluent and be lost to the
atmosphere at a free water surface downstream of the LHO unit. In commercial
applications, LHOs will utilize an oxygen-enriched gas feed near 100% purity to
increase the oxygen transfer to the water. Efficient capture of oxygen by an LHO
device is critical to maintain cost-effectiveness in using an LHO unit to add oxygen
to the water. Thus, the receiving pool in a closed-bottom LHO must be sufficiently
deep, or an open bottomed LHO must be submerged sufficiently so that un-dis-
solved oxygen-rich gas bubbles will not be entrained into the departing effluent
water stream. The objective of this research was to evaluate bubble penetration
depth, , into the receiving pool as affected by the LHO geometric variables.
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2. Materials and methods
A schematic diagram of the experimental apparatus is shown in Fig. 1. The
central parts of the experimental apparatus were the upper and lower reservoirs.
The upper reservoir was a 20 l bucket that was equipped with a standpipe of
adjustable height in order to regulate hydraulic head on the orifice plate (Y1=7–30
cm). The bucket floor was altered to accept a series of plates with different-sized
orifice holes (Y2=6, 9, 12, and 19 mm). A chain suspended the bucket over the
lower reservoir that had a water depth (Y3) of 90 cm and a volume of 800 l. This
reservoir tank was made of clear Plexiglas so that entrained bubble behavior could
be observed, measured and video taped. Based upon preliminary observations, this
depth was sufficiently deep so as not to impact the bubble penetration depth (Y3 is
not an experimental variable in this study). The fall height from the orifice plate to
the receiving pool was manipulated by adjusting the chain holding the orifice
bucket to four distinct distances (Y4=15, 30, 60, and 100 cm). Freshwater was used
in all tests with water temperatures of approximately 22°C throughout the testing
period.
One side of the reservoir tank was marked in 2 cm intervals of depth, starting at
the water line representing =0.0 cm. The reservoir tank contained a 0.37 kW
submersible pump, which circulated water from the lower reservoir to the upper
bucket and orifice plate. The flow rate through the pump was sufficient to ensure
Fig. 3. Bubble penetration as affected by hole orifice diameter (Y2) and hydraulic head (Y1) (Y4 fall
height fixed at 60 cm).
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Fig. 4. Predicted bubble penetration versus fall height (Y4) and hole diameter (Y2) (Y1 hydraulic head
fixed at 13 cm).
that water was always flowing through the bucket’s standpipe, ensuring a steady
hydraulic head on the orifice. The excess flow from the bucket was returned to the
lower reservoir via a submerged outlet approximately 30 cm away from the main
stream. Care was taken to ensure that the overflow water had no impact on the
bubble penetration behavior being observed.
Prior to each trial, the primary variables were set and the pump turned on. Water
was then added or removed from the lower reservoir to maintain the zero reference
point for bubble penetration at the same level. Once steady state behavior was
observed, a video camera was used to record bubble behavior for 2.5 min. After the
2.5 min period had elapsed, the camera was stopped, one or more of the three
variables was adjusted, and the entire process repeated. A total of 45 trials were
conducted, each with a different combination of three variables. The video tapes
were then played back, and paused every 5 s. Each time the tape was paused, the
maximum depth of the stream of bubbles was recorded, resulting in 40 observations
per trial for a total of 1800 observations.
The 1800 observations were analyzed using a least squares regression and
ANOVA to determine the significance of the different geometric variables to predict
bubble penetration, . In addition to the primary variables, the primary variables
squared and the interactions of the primary variables were included in the regres-
sion analysis. Bubble penetration was expected to be erratic in behavior due to the
turbulence of the entering jet stream. This variability was analyzed as embodied in
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the standard deviation, . For each of the 45 distinct sets of specific operating
conditions,  was calculated from the 40 observations of bubble penetration
recorded. These  values were analyzed as the dependent variable against the same
set of independent variables as used in the first regression analysis to predict bubble
penetration depth. For both regression analyses, independent variables were elimi-
nated one at a time and the regression repeated, until all remaining variables were
statistically significant. Statistical significance for factor effects was evaluated with
the Student’s t-test at the 95% confidence level.
3. Results and discussion
The final regression equation to predict bubble penetration (, cm) was R2=
0.72, degrees of freedom=1790; all coefficients significant at P0.05 level):
=−3.80+3.53E−01 Y1+2.37 Y2−1.14E−01 Y4−2.96E−03 Y12
−5.78E−02 Y22
+1.01E−03 Y42+7.50E−03 Y1 Y2−1.18E−03 Y1 Y4−2.13E
−03 Y2Y4. (1)
Fig. 5. Bubble penetration as affected by fall height (Y4) and hole orifice diameter (Y2) (Y1 hydraulic
head fixed at 13 cm).
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Fig. 6. Comparison of predicted (Eq. (2)) and measured standard deviation of bubble penetration at
each of the specific set of operating conditions (45 sets).
A comparison between predicted bubble penetration and measured is given in Fig.
2. Eq. (1) was used to predict bubble penetration for a series of specific operating
conditions (Figs. 3 and 4). As would be expected, bubble penetration increases as
hole diameter is increased. Note that the bubble penetration actually decreased as
fall height was increased, but does not further decrease once approximately 50 cm
of fall height is reached (Fig. 5). The falling stream has apparently reached its
maximum velocity and the physical characteristics of the stream cross-sectional
profile are no longer changing, hence bubble penetration does not change. At the
very low fall height tests that produced maximum bubble penetration, there were
also very few bubbles observed. This would be essentially the worst-case scenario,
since oxygen gain is limited and there is increased potential to lose oxygen-rich gas
bubbles as well.
In Fig. 3 where the fall height is fixed at 60 cm, increased hydraulic head also
increased bubble penetration. Larger hydraulic heads cause increased velocity and
the associated higher momentum results in deeper bubble penetration. The general
characteristic of Figs. 3 and 4 is that they both illustrate maximum bubble
penetration occurred at the largest orifice diameter tested (Y2=19 mm). Smaller
diameter holes produce less momentum at pool entry, which reduces bubble
penetration.
Generally, the depth of the stream of bubbles appeared to be very chaotic over
the course of each trial. For each set of operating conditions, there seemed to be
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some ‘base depth’ that the stream of bubbles would reach. From this base depth,
the bubble stream would occasionally spike to twice the base depth. A regression
analysis was performed to predict the standard deviation of bubble penetration
depth. This equation can be used to predict maximum bubble depth penetration
for some prescribed level of statistical confidence. The regression equation
of the standard deviation of the bubble penetration yielded the following equa-
tion (R2=0.54, degrees of freedom=40; all coefficients significant at P0.05
level)
=1.43E−01 Y1+1.32E−01 Y2−4.75E−02 Y4+4.77E−04 Y42
−1.47E−03 Y1 Y4. (2)
Fig. 6 compares the predicted and measured standard deviations of bubble
penetration. Note in this figure that there is one outlying point where the pre-
dicted value is much less than the measured value. This condition was for
minimal fall height (Y4) and maximum hole diameter (Y2), which would be a
very unlikely operating condition.
Eq. (2) can be used to determine more precisely the maximum depth that
bubbles will penetrate on occasion so that an outlet or bubble-shield guard could
be placed slightly above or at this elevation to prevent oxygen bubble loss. For
example, if one wanted to assure that 99% of the bubbles formed during stream
penetration would rise back to the water surface inside a chamber, then one
would predict the average penetration, , using Eq. (1) for a particular set of
operating conditions and then use the product of a tvalue (99% confidence, de-
grees of freedom=, tvalue=2.235) and the standard deviation value, , ob-
tained from Eq. (2) to predict the additional penetration depth to add to the
mean predicted value. For example with the following geometric variables (Y1=
15 cm, Y2=20 mm, Y4=50 cm) and using Eqs. (1) and (2),  and  are
predicted to be 21.1 and 2.5 cm, respectively. Using the stated tvalue for P0.01
and DOF=, the maximum depth of bubble penetration is not expected to
exceed 26.7 cm (21.1+ (2.235×2.5)) for 99% of the bubbles.
It is unclear at this point how well the results of this experiment can be
extrapolated to apply to systems with perforated flooded plates with a matrix of
holes as used in LHO units. It is reasonable to assume that the bubble penetra-
tion depths will not be shallower, but the penetration depths could be higher,
particularly say near the center of the receiving pool, but this will be away from
the outlet port. Our experience with LHO units is that the predictions from this
work are consistent with the observed performance at a commercial installation.
However, we would recommend that the approach of predicting bubble penetra-
tion using the standard deviation approach should be followed as shown in the
earlier example. Even small quantities of oxygen bubble loss can increase operat-
ing costs substantially. Care should be taken in designing the LHO unit receiving
pool to protect the outlet from bubble loss.
287L. Out et al. / Aquacultural Engineering 24 (2001) 279–287
Appendix A. Nomenclature
coefficient of determination (dimensionless)R2
hydraulic head over flooded plate (cm)Y1
hole orifice diameter in flooded plate (mm)Y2
receiving pool depth (cm)Y3
Y4 fall height of water from plate to receiving pool (cm)
bubble penetration into the receiving pool (cm)
standard deviation associated with the mean predicted bubble penetration
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